Theory of Atoms in Molecules framework have shown that the solute could efficiently interact with (H 2 O) 6,10 clusters in a similar manner that the (H 2 O) 4,5 clusters do. The interaction of the solute with two larger water clusters is further investigated. The exohedral and endohedral BPL:(H 2 O) 20 isomers are close in energy with each other, whereas the formation of an inclusion complex is energetically more favored than the facial interaction in the case of the BPL:(H 2 O) 24 cluster. The topological analysis suggests that the substantial energetic stability is due to interactions between the solute and almost all oxygen atoms of the water cage.
than the water-water ones, leading to a negligible distortion of the water cluster up to 2-aminooxazole:(H 2 O) 15 cluster. For complexes containing more water molecules, the solute-solvent interaction competes with the solventsolvent interaction. Xantheas et al. recently reinvestigated the Benzene:(H 2 O) 8 complex in a combined DFT and postHartree-Fock study [14] . They underlined that unlike to the popular B3LYP functional, the dispersion-corrected functional (ωB97-XD) is able to satisfactorily describe the Benzene:(H 2 O) 8 complex interaction. They identified five isomers in which a cubic water octamer is attached to the aromatic ring, with similar energetic stability (Δ E < 4 kJ/ mol at the MP2/aVTZ//MP2/aVDZ level of theory). They also showed that each isomer involves a cubic water octamer almost in facial parallel interaction with the aromatic ring.
Furthermore, the formation of inclusion complexes in clathrate hydrates also underlines the paramount importance of the complementary water-water and water-solute interaction. For instance, it was shown at a molecular level that methane is efficiently encapsulated in a (H 2 O) 20 cage, whereas larger (H 2 O) 24, 28 cages lead to more stable complexes when SF 6 is the guest molecule [15] . Smaller guest species such as rare gases, diatomic or triatomic molecules may be efficiently trapped in the (H 2 O) 20 cage with the concomitant formation of multiple water-solute interactions [16] , characterized by bond critical points (BCPs) in the Quantum Theory of Atoms in Molecules (QTAIM) approach [17] . It was found that such small guest molecules do not lead to major distortion of the water cage. Some guest molecules, however, may dramatically affect waterwater interactions, leading to so-called guest-induced Bjerrum defects [18] .
A qualitative and quantitative understanding of interactions involved in the formation of endohedral and exohedral complexes at a molecular scale would help in understanding various processes such as hydration of small (bio-) organic molecules and clathrate formation. Endohedral complexes refer to the formation of inclusion compounds, whereas in exohedral complexes, the solute lies outside the water cluster. The present study is concerned with the mutual competition between endohedral and exohedral complexes.
A simple, powerful and quick method based on a measurable physical property of molecules and clusters was used to identify favorable interactions between two species: the molecular electrostatic potential (MESP) [2, [19] [20] [21] [22] [23] [24] [25] [26] [27] . When investigating non-covalent interactions, studies based on the MESP analysis are mainly of two types:
Explanatory approach A quantitative analysis of the isolated monomers MESPs may lead to the identification of electron-rich and electron-deficient regions (σ-holes or π-holes for instance). The identification of such local features provides a useful tool for interpreting various non-covalent interactions such as tetrel, chalcogen, halogen and hydrogen bondings, as demonstrated by Politzer, Murray et al. [20] [21] [22] ; Predictive approach Among other approaches [28, 29] , we can mention the electrostatic potential for intermolecular complexes (EPIC) model of Pundlik et al. [30] . This model allows the study of weakly bond complexes between two species based on the calculation of the electrostatic interaction energy. It relies on the analysis of critical points of the electrostatic potential on isolated monomers, the MESP study of one species and the MESP-driven point charges of the other species. This model has been applied to the characterization of various complexes [31] .
Herein another predictive approach is proposed:
1. As a starting point, we investigate the possibility of a simple, qualitative analysis of the MESP for both isolated solute (S) and solvent clusters (W n ) for proposing S:W n guess geometrical structures. Throughout the present work, the MESP analysis was used to unravel so-called electron-rich and electron-deficient regions. We should mention that such features only refer to surface properties, and not to volumes. The existence of 3D MESP maxima was indeed ruled out by Pathak et al. [32] in the 1990s. Initial geometries of complexes are built up considering the fact that electron-rich regions of the solute will be attracted toward an electron-deficient region of water clusters, and conversely. A visual inspection of the MESP of both isolated partners enables us to suggest several possible geometries which maximize the number of complementary MESP regions. Such approach has been already successfully applied to other cases [11, 33] . 2. In a second step, these structures are fully optimized using ab initio or DFT approaches. 3. Finally, water-solute interactions are analyzed by means of the QTAIM topological tool applied on the optimized structures.
For such a study, the judicious choice of a level of theory for a consistent geometric and electronic description of complexes is an obvious and needed prerequisite. It was shown that dispersion-corrected density functionals may suitably describe such complexes provided that a calibration step is carried out, either with respect to the experimental data or to the results coming from high-level theoretical calculations [14, 16, 34] .
Recently Alonso et al. investigated the interaction between the β-propiolactone (BPL) and up to five water molecules [35] . A clear segregation between the water molecules and the solute was experimentally observed for the BPL:(H 2 O) 4, 5 complexes. This system was thus chosen for our study.
The paper is structured as follows: First of all, the choice of an exchange-correlation functional able to well reproduce energetic, geometric and electric properties of the water-BPL interaction in the BPL:(H 2 O) n (n = 1-4) cluster, is detailed. To further shed some light on the interactions involved in the formation of facial parallel structures deduced from experimental data for the BPL:(H 2 O) 4, 5 clusters, a characterization based on the molecular electrostatic potential (MESP) and the Quantum Theory of Atoms in Molecules (QTAIM) topological tools is presented [17, 36, 37] . Stable structures involving the formation of similar water-solute interactions for the BPL:(H 2 O) n (n = 6,10) clusters are then identified. In the last part, larger clusters involving 20 and 24 water molecules are studied. Two small prototypical 5 12 and 5 12 6 2 water cages constituting elementary assemblies of some water clathrates were investigated. A particular attention is devoted to the transition from a facial parallel structure to the endohedral compound and to their mutual competition, until the completion of the first hydration shell around the BPL molecule.
Method calibration
All the geometry optimizations were carried out using the Gaussian 09 Rev D.01 software [38] . The D2 and D3 versions of the dispersion-corrected density functional theory within the framework of the Becke-Johnson damping function [3, 39] further denoted as GD2 and GD3BJ, were employed. The following functionals were selected: B3LYP-GD3BJ, [3, 10, 40] B2PLYP [41] , B2PLYP-GD2, B2PLYP-GD3BJ, ωB97XD and LC-ωPBE-GD3BJ [42] [43] [44] in combination with the Pople's 6-31++G(d,p), 6-311++G(d,p), 6-311++G(2d,2p) and the Dunning's aug-cc-pVDZ and aug-cc-pVTZ basis sets, further referred to as Pop1, Pop2, Pop3, aVDZ and aVTZ, respectively. The CCSD(T)-F12/aVDZ method was selected as a reference method, and MP2/aVDZ as well as MP2/aVTZ calculations were also carried out. Dipole moments have been calculated with the "Density = Current" instruction for MP2, CCSD/aVDZ//CCSD(T)-F12/aVDZ (single-point with CCSD/aVDZ at the CCSD(T)-F12/aVDZ optimized geometry) and B2PLYP calculations. The molecular electrostatic potentials and the Quantum Theory of Atoms in Molecules (QTAIM) analyses were carried out using the AIMAll [45] software, for the identification of hydrogen bonding and non-covalent interactions [17] .
The mono-hydrated BPL:(H 2 O) complex was chosen as a probe to evaluate the accuracy of the exchange-correlation functionals in describing the noncovalent interaction between water and BPL. The most relevant geometrical and energetic characteristics calculated with the 17 selected levels of theory for the BPL:(H 2 O) complex are gathered in the Table 1 . The binding energy was calculated as follows:
, where E comp is the total energy of the H-bonded complex and E 1 and E 2 are the total energies of the optimized free units (BPL molecule and water cluster).
The experimental rotational constants are described with a relative error (RE) less than 5% at all the chosen DFT levels. The experimental values (µ a , µ b and µ tot ) of the dipole moments are accurately reproduced (RE ≤ 5%) only at three levels of theory: B2PLYP-D/Pop3, B2PLYP-GD3BJ/ Pop2 and LC-wPBE-GD3BJ/Pop2.
Eight levels of theory accurately reproduce the binding and complexation energies calculated at the CCSD(T) level with a RE ≤ 5%: the B2PLYP-D/Pop2, B2PLYP-D/ Pop3, ωB97XD/Pop2, ωB97XD/Pop3, LC-ωPBE-GD3BJ/ Pop2, LC-ωPBE-GD3BJ/Pop3, B3LYP-GD3BJ/Pop2 and B3LYP-GD3BJ/Pop3 levels. Furthermore, the MP2/aVDZ and MP2/aVTZ levels suitably describe the BPL:(H 2 O) interaction, the relative errors on the dipole moments, rotational constants, binding energy and complexation energy being less than 6% (Table 1) .
It should be underlined that all the levels of theory selected for the present study satisfactorily reproduce the geometric, energetic and spectroscopic features of the 1:1 complex. Accordingly, dispersion-corrected DFT is able to accurately describe the mono-hydrated complex. This feature is in line with other studies on hydrated species [29, 46] .
The LC-ωPBE-GD3BJ/Pop2, that simultaneously reproduces the selected geometric, energetic and spectroscopic features with errors less than 5%, as well as the MP2/ aVDZ levels, were selected for the study of larger hydrated complexes. The calculated rotational constants are in good agreement with the experimental data for the BPL:(H 2 O) [2] [3] [4] (Table 2) . Consequently, hereafter the LC-ωPBE-GD3BJ/ Pop2 method will be used to study all the first-order properties of BPL:(H 2 O) n ≥ 4 . 4 A MESP map of free BPL molecule revealed that both trapezoidal faces of the BPL are characterized by:
BPL:(H 2 O)
--two neighboring electron-deficient regions, at two consecutive corners, corresponding to the hydrogen atoms, --two neighboring electron-rich regions, at two consecutive corners, corresponding to the oxygen atoms, --an electron-deficient region in the middle of the face (Fig. 1 ).
Electron-rich regions of the solute will be attracted toward an electron-deficient region of water clusters, and conversely. This is the starting point in the entrance channel of any noncovalent interaction. As a matter of fact, two species initially adopt the best spatial configuration to maximize the number of complementary MESP regions. The MESP analysis of water clusters (Fig. 2) is indeed in line with the structures earlier reported for the BPL:(H 2 O) 4 and BPL:(H 2 O) 5 isomers:
•-In the case of the BPL:(H 2 O) 4 complex, it was found that the water tetramer involved in the interaction with the solute is the uudd isomer, thus called with respect to the orientation of free OH groups. Both faces of the MESP of this cyclic water tetramer present two neighboring electron-deficient regions (corresponding to the hydrogen atoms) followed by two neighboring electron-rich regions (corresponding to the oxygen atoms). As shown in Fig. 2 , such a MESP can perfectly complement the one of the solute.
•-In the case of the BPL:(H 2 O) 5 complex, the cyclic ududu water pentamer was found to be distorted by the interaction with the solute. This distortion is in line with the MESP picture of both partners: Four of the five water molecules have suitable, complementary MESP features for interaction with the solute, and the fifth one is puckered away from the solute.
As underlined by Alonso et al. [30] , an inversion in the hydrogen bonding network in the water cluster leads to two similar isomers for the BPL:(H 2 O) 4 complex. Similarly, our calculations also lead to the prediction of two almost isoenergetic isomers for the BPL:(H 2 O) 5 complex, differing from one another by an inversion in the hydrogen bonding network in the water cluster.
It was found that both isomers of the BPL:(H 2 O) 4 and of BPL:(H 2 O) 5 complexes correspond to stable structures at the chosen level of theory. To further characterize the water-solute interaction in the equilibrium structures, the BCPs obtained from the QTAIM analysis were used to identify the interacting atoms, and to quantitatively describe the water-solute interaction by measure of the electron density ρ(r) and Laplacian ∇ 2 ρ(r) at BPCs between water molecules and the solute. The interaction between water cluster and the solute for that both isomers of the BPL:(H 2 O) 4 Table 3 .
The calculated dipole moments and rotational constants for these BPL:(H 2 O) 4 and BPL:(H 2 O) 5 isomers are reported in Table 4 .
It is remarkable that the experimentally identified BPL:(H 2 O) 4 and BPL:(H 2 O) 5 isomers involve similar water-solute interactions, as demonstrated by the QTAIM analysis. The above-described structures suggest that the following features of the solvent cluster may favor an efficient facial parallel interaction with BPL: four almost coplanar water molecules with two consecutive electronrich regions (oxygen atoms) that may interact with the electron-deficient region of the BPL (hydrogen atoms of the -CH 2 -groups), and two consecutive electron-deficient regions (hydrogen atoms) that may interact with the electron-rich region of the BPL (ester function). We thus selected appropriate isomers of (H 2 O) 6 and (H 2 O) 10 clusters sharing such features and determined whether they may attach the solute in a similar facial parallel manner as the water tetramer and pentamer do.
BPL:(H 2 O) 6 complex
Different (H 2 O) 6 isomers were identified for the water hexamer: the tridimensional prism, cage and book are almost isoenergetic, whereas the cyclic isomer is slightly higher in energy [47, 48] . The MESPs of each of these isomers are presented in Fig. 3 . One face of the prism isomer presents a similar MESP to the one of the uudd water tetramer, with two consecutive electron-rich regions followed by two consecutive electron-deficient regions. The book isomer also contains four almost coplanar water molecules presenting a (Fig. 4) . The two other isomers do not present two consecutive electron-rich regions followed by two consecutive electron-deficient regions. Thus, the possible interaction of BPL with the cage and cyclic isomers was not further investigated.
Geometry optimizations confirm that both prism and book isomers can efficiently attach the solute in a facial parallel arrangement. A QTAIM analysis carried out on relaxed structures lied to the identification of four BCPs between the water cluster and the solute: H w -O k , H w -O e , O w -H m and O w -H m (Table 5) . Thus, two isomers of the (H 2 O) 6 cluster could attach the BPL through similar interactions to those involved in the experimentally identified BPL:(H 2 O) 4 and BPL:(H 2 O) 5 isomers.
BPL:(H 2 O) 10 complex
The most stable isomer for the water decamer is constituted of two stacked dudud pentameric plans [43] . The MESP of one of the rectangular face presents two consecutive electron-rich regions followed by two consecutive electrondeficient regions ( Table 6 ) that may efficiently attach the solute.
From the above discussed MESP analysis of the water clusters that may lead to a favorable facial interaction with the solute, it can be anticipated that an alternative water decamer could also favorably attach the BPL. Indeed, the flip of some hydrogen atoms leads to a new isomer constituted of two pentagonal duuud faces. The MESP of the pentagonal face of such an isomer is characterized by two consecutive electron-rich regions followed by three consecutive electrondeficient regions. Thus, the pentagonal face of this isomer is suitable for interaction with the BPL (Table 6 ). Geometry optimization indeed confirms that a water decamer cluster may attach the solute either by a rectangular face of the dudud isomer or by a pentagonal face of the duuud isomer. In both cases, a facial parallel structure characterized by four BCPs between the water cluster and the solute (H w -O k , H w -O e , O w -H m and O w -H m ) is obtained (Table 6) .
Thus, facial parallel structures characterized by four BCPs between the solute and a water cluster, and similar to the ones observed for the BPL:(H 2 O) 4,5 complexes, may exist for the larger BPL:(H 2 O) 6,10 complexes.
In the case of the BPL:(H 2 O) 10 complex, we alternatively considered two isomers in which two water clusters are simultaneously interacting with the BPL (Fig. 5 ): 5 isomer in which each water pentamer is interacting with one face of the solute, 6 isomer in which a uudd water tetramer is attached to one face of the BPL, whereas a water hexamer in its book shape is interacting with the other face.
The QTAIM analysis on the relaxed 5:1:5 and 6:1:4 structures demonstrates that each water cluster is attached to the solute by means of four interactions: H w -O k , H w -O e , O w -H m and O w -H m . However, both 5:1:5 and 6:1:4 isomers are significantly higher in energy than the 1:10 isomer by ~40 kJ/mol, thus suggesting that BPL:(H 2 O) n isomers in which a single water cluster is interacting with the solute would be preferentially formed rather than sandwich (H 2 O) m :BPL:(H 2 O) n−m arrangements. 20 and BPL:(H 2 O) 24 
BPL in or out of water cluster: BPL:(H 2 O)

complexes
The study of larger BPL:(H 2 O) n clusters is particularly relevant in the context of clathrate hydrate formation. Endohedral and exohedral BPL:(H 2 O) 20,24 involving the 5 12 and 5 12 6 2 standard water cages, respectively, were considered ( Table 7) .
First of all, we remind the reader that the global minimum reported in the literature for both (H 2 O) 20 and (H 2 O) 24 cluster is cuboidal [19, [49] [50] [51] [52] [53] [54] in which the insertion sites are too small to accept a guest polyatomic molecule without opening the water network. The (H 2 O) 20 cuboidal structure was confirmed at the MP2 perturbative level of theory [45] , while the (H 2 O) 24 cuboidal structure has been identified based on molecular dynamic calculations [54] . However, it is also well known that the unit cell of a host-guest interaction in gas hydrates consists of two hollow 5 12 20 dodecahedron structure used in this work corresponds to the lowest-lying isomers D-cage containing twelve pentagonal rings which is energetically less stable than the edge-sharing structure (singlet ground electronic state) by ~46 kJ/mol [44] . Concerning the hollow (H 2 O) 24 tetrakaidecahedron structure, Xantheas et al. identified theoretically three family isomers depending on the acceptor/donor characteristic of the bonded O-H bonds and also upon the orientation of dangling O-H bonds (noted as I, II and III) located within a narrow energy windows less than 2.5 kJ/mol [55] [56] [57] [58] . The hollow 5 12 6 2 (H 2 O) 24 T-cage considered in this work corresponds to the lowest-lying 6 "family I isomers" of Xantheas. At the present level of theory, the (H 2 O) 24 T-cage was found to be 93.8 kJ/ mol above the global minimum of cuboid (H 2 O) 24 suggested by Takeuchi [54] . Furthermore, this T-cage structure has been used to study the stability and reactivity of CH 4 encapsulated in the 5 12 20 -generates 19 BCPs including two characteristics of the hydrogen bonding between the hydrogen of waters and the ketone oxygen of BPL, which leads to the formation of a solute-induced Bjerrum-like defect, as observed in the encapsulation of several solutes [18] . Nevertheless, the endohedral isomer is found to be slightly less stable than the exohedral form, by ~8.3 kJ/ mol.
Contrarily, the endohedral isomer is more stable than the exohedral one by ~21.7 kJ/mol, for the BPL:(H 2 O) 24 complex. A larger cavity of the 5 12 6 2 structure (r = 4.33 vs. 3.95 Å for the 5 12 dodecahedron cluster) [59] allows the BPL encapsulation without any defect on the water network. The guest molecule is found in sandwich between two hexagonal rings of the 5 12 6 2 structure. According to the QTAIM analysis (Table 8) , multiple oxygen-oxygen interactions are formed between the solute and the cage, in addition to the hydrogen bonding involving hydrogen atoms of BPL.
A total of ten BCPs have been found between two oxygen atoms of BPL and those of water molecules. For these O k -O w and O e -O w BCPs, the electron density varies between 0.003 and 0.011 a.u. These values are very close 
Conclusion
In summary, the dispersion-corrected range-separated hybrid functional LC-wPBE-GD3BJ combined with a moderate size basis set (6-311++G(d,p)) was found to suitably describe the geometric, energetic and spectroscopic (dipole moments and rotational constants) features of micro- 2 water Dand T-cages on the solute leads to a substantial stabilization of the system. Alternatively these water cages can also act as host for the solute. DFT-D calculations confirm that both endohedral and exohedral BPL:(H 2 O) 20, 24 complexes are stable with respect to the lowest-lying Dand T-cage added to free BPL molecule. Nevertheless, it is interesting to note that these endohedral compounds lie around 10 kJ/mol above the sum of free partners when we take into account the global minimum of water cluster of cuboid structure. In the BPL@(H 2 O) 20 isomer, the BPL simultaneously acts as hydrogen-bond donor and hydrogen-bond acceptor to the water cluster, and the formation of solute-induced Bjerrum-like defects results in an opening of the water cage. As a result, the endohedral and exohedral BPL:(H 2 O) 20 isomers are calculated to be close in energy. Such disruption of the water-water interaction is not observed when BPL is inserted inside the larger 5 12 6 2 water cage. The BPL@(H 2 O) 24 isomer is much more stable than the exohedral BPL:(H 2 O) 24 isomer. This can easily be explained from the QTAIM analysis that leads to the identification of 22 BCPs between oxygen atoms of water molecules and the solute in the inclusion complex, whereas only four BCPs are involved in the exohedral interaction.
Supporting information
Cartesian coordinates of all the studied species are reported in the Supporting Information. This includes the Cartesian coordinates of the cuboidal (H 2 O) 20 and (H 2 O) 24 isomers. Spectroscopic features are also gathered for the BPL:(H 2 O) n complexes. 
